once, never recrossing under normal circumstances despite the fact that many of them subsequently grow alongside the midline for considerable distances. What appears surprising about this behavior is that the axons apparently find the midline to be a favorable environ- with its inability to cross the midline. were, in fact, shown to lose responsiveness to the attracAn intriguing aspect of commissural axon behavior in tive factor netrin-1 upon midline crossing (Shirasaki et all organisms is that these axons cross the midline only al., 1988). Thus, the evidence suggests that commissural axons in vertebrates are already responsive to a negative mid- ‡ To whom correspondence should be addressed (e-mail: marctl@ itsa.ucsf.edu). line factor(s) prior to crossing and may be prevented
from recrossing the midline partly because they lose vitro assay that tests the behavior of post-crossing commissural axons in the spinal cord, we show that these responsiveness to positive factors. Whether they also acquire responsiveness to additional negative factors at axons do indeed acquire responsiveness to a repellent activity made by floor plate cells and that, surprisingly, the midline, as in Drosophila, has not been determined. Three vertebrate homologs of Slit were recently identithis activity appears to be due not just to Slit proteins but also to repellents of the Semaphorin family. fied and shown to function as repellents for various axonal classes, and to be expressed by midline floor A second issue not addressed so far in any organism is why commissural axons after crossing not only do plate cells. However, initial tests failed to demonstrate any effect of Slit proteins on spinal commissural axons not recross the midline but also, in many cases, do not reenter the ventral region of the nervous system (Brose et al., 1999; Li et al., 1999). Furthermore, in the hindbrain assay of Shiraski et al. (1998) , commissural (adjacent to the midline) through which they navigated to the midline but instead turn to grow alongside the axons were shown to lose their attractive response to floor plate cells, but they also very clearly did not acquire midline. Here we use our novel in vitro assay to show that the axons also acquire responsiveness to a repellent a repulsive response to floor plate cells. Thus, the data are not just inconclusive; if anything, they might actually activity made by ventral neural tissue, and again, we implicate Slit and Semaphorin proteins in mediating this suggest that commissural axons do not acquire responsiveness to a diffusible midline repellent upon crossing.
effect. Taken together, our results support a major extension Here we revisit this issue and show that the initial failure to show acquisition of a response to a repulsive of the Drosophila model, suggesting that at least in vertebrates, and perhaps in all organisms, commissural floor plate activity resulted from idiosyncrasies of the assays used. Through the development of a novel in axons fail to recross the midline both because of loss
Results

An In Vitro Assay to Assess the Behavior of Axons after Midline Crossing
To begin to study molecular cues that guide spinal commissural axons after they cross the midline floor plate, we developed a novel in vitro explant assay. In the rat, commissural axons are born in the dorsal spinal cord between embryonic days 11 and 13 (E11-E13) and extend axons that reach the floor plate about a day later, before crossing the midline and turning to project alongside the midline (Altman and Bayer, 1984; Dodd et al., 1988) . Figure 1A illustrates the dorsal-ventral trajectory of commissural axons to the floor plate in the transverse plane, whereas Figure 1B diagrams the trajectory of these axons to and across the midline, as visualized in an "open book" preparation, in which the spinal cord is opened at the dorsal midline. In our assay, E13 spinal cords were prepared in this "open book" configuration and then cut as illustrated by the blue dotted lines in Figure 1B to give a hemisected spinal cord with floor plate attached. When these "spinal cord plus floor plate" explants were cultured in three-dimensional collagen gels for 16 hr, axons extended from the explants into the collagen mostly at right angles to the floor plate ("post-crossing" axons in Figure 1C ), as seen by phase contrast microscopy (e.g., Figure 2B ) and by immunohistochemistry using an anti-␤-tubulin antibody ( Figures  1D and 1E ) and an anti-DCC antibody ( Figure 1F ). For comparison, dorsal spinal cord explants were dissected out as indicated in orange dotted lines in Figure 1B . In the presence of netrin-1 (but not its absence), precrossing axons grow into the collagen ("pre-crossing axons" in Figure 1C ), as seen by phase contrast microscopy (e.g., Figures 3D-3F ; Serafini et al., 1994) . To identify the location of the cell bodies of origin of the post-crossing axons, we performed anterograde and retrograde DiI tracing experiments. When a small DiI crystal was inserted in the dorsal-most portion of such an explant, anterogradely labeled axons, which are expected to be mostly or exclusively commissural axons at this stage (Altman and Bayer, 1984), were seen crossing the floor plate and entering the collagen gel ( Figure  1G ). In the converse type of experiment, a DiI crystal 
, 1997). markers to distinguish commissural axons from non-
Neuropilin-2 is known to be required for mediating repulcommissural axons, we cannot formally exclude that sive actions of the Semaphorins Sema3B, 3C, and 3F, some axons that would not normally cross the floor plate whereas neuropilin-1 is known to be required for do so in this in vitro assay, even if this seems unlikely.
Sema3A function. In fact, Sema3B and Sema3F seem To reflect this residual uncertainty, we will continue to to require only neuropilin-2, not neuropilin-1, to mediate refer below to the axons that emerge from the floor their effects, whereas Sema3C may require both neuroplate as "post-crossing axons" rather than commissural pilin-1 and neuropilin-2 ( floor plate tissue and COS cells secreting netrin-1 atcultured as "closed books" with COS cell aggregates placed alongside. In these "entire spinal cord" explants, tracted these axons (Figures 6B and 6C) . As a positive control for activity, other Slit-2-, Sema3B-, and Sema3F-commissural axons normally project all the way to the floor plate, and just as in dorsal explants, they were secreting COS cell aggregates in these experiments were found to have repulsive or inhibitory activity on attracted by cells secreting netrin-1 but did not show any responses to cells secreting Slit-2, Sema3B, or Sema3F sympathetic axons and post-crossing commissural axons (data not shown). In separate experiments, we per-(data not shown). Thus, commissural axons are not repelled by these factors even as they approach the floor formed similar "turning assays" using not pieces of dorsal spinal cord but rather explants of the entire intact plate; they apparently become responsive to the repellents only upon crossing. spinal cord (including the floor plate), which were 
Neuropilin-2 Is Required for Normal Commissural
The punctate, club-like appearance of DiI at the end of some axons within the floor plate suggests that some Axon Pathfinding during and after Midline Crossing growth cones may have stalled while crossing. Many axons inside the floor plate appeared to be less straight Since the inhibitory effects of Sema3B and 3F are expected to be mediated by a neuropilin-2-dependent and more "wavy" than in controls. Finally, many axons that did cross the floor plate made mistakes in the direcmechanism, we examined whether there were any defects in the projections of commissural axons at the tion of their turn so that axonal trajectories were randomized along the anterior-posterior axis. Two other exammidline in a neuropilin-2 knockout mouse that we have previously studied (Chen et al., 2000) . The neuropilin-2 ples of the types of defects that were observed are shown in Figures 7C and 7D . Both show additional exallele in this mouse is a severe hypomorphic allele or near null (Chen et al., 2000) . No defects in commissural amples of wavy and spiraling axons, and axons in Figure  7C also appear to wander on the contralateral side after axon trajectories were reported during the period of initial growth of commissural axons to the floor plate (i.e., crossing. The type of defects that were observed in the mutants prior to E11.5-E12.5) in this knockout mouse (Chen et al., 2000) or in an independently derived neuropilin-2 knockcould be placed in four categories as shown in Figure  7E . Defects were observed only within the floor plate out mouse (Giger et al., 2000) .
In contrast to the absence of defects before floor plate ("spirals/zigzags" and "stalling") and after floor plate crossing ("anterior-posterior polarity errors" and "wancrossing, clear defects in pathfinding at the midline were observed in homozygous mutant neuropilin-2 embryos dering") ( Figure 7E) ; no defects were observed before floor plate crossing. Within a given cohort of axons laat E11.5 and E12.5 (Figure 7) . Figure 7A shows the projections of commissural axons in a wild-type E11.5 embeled by a single DiI injection, we usually observed multiple types of defects. Thus, in E11.5 homozygous mubryo visualized in an open book preparation, with commissural axons labeled by injection with DiI in the dorsal tants, some wavy and spiraling axons were observed in about forty percent of the injections; some stalling axons spinal cord. As shown in previous studies (Bovolenta and Dodd, 1990), commissural axons cross the floor were seen in over a third of the injections; some anteriorposterior projection errors were seen in over a third of plate in a well-organized fashion and turn sharply rostrally in wild-type embryos at these stages ( Figure 7A ; the injections; and the most common error was overshooting and wandering of axons after crossing (seen in rostral is to the right in all panels in this figure). In homozygous mutant embryos at E11.5, several highly penealmost two-thirds of the injection sites) (data not shown). Because of the presence of multiple types of projectrant phenotypes were observed. In many cases, several types of defects could be observed simultaneously in tion defects that were present to varying extents in any given cohort of neurons, we decided to simplify the a given cohort of axons labeled with a single DiI injection, as illustrated in Figure 7B . As shown, many axons apquantification of the extent of defects by classifying the appearance of the behavior of the entire group of axons peared disorganized in the floor plate while crossing. labeled in any given injection as "perfect," "almost pergreat as in homozygous embryos. At E12.5, in contrast, the distribution of phenotypes in wild-type and fect/mildly defective," or "severely defective." Figures  7F and 7G show histograms of the distribution of phenoheterozygous embryos were indistinguishable, and the frequency of "severe defects" was lower in homotypes seen with a large number of injections in wildtype, heterozygous, and homozygous mutant embryos zygous embryos than at E11.5. Taken together, these results demonstrate an essential role for neuropilin-2 at both E11.5 ( Figure 7F ) and E12.5 ( Figure 7G) ; in these experiments, the phenotypes were scored blind (without in commissural axon pathfinding at the ventral midline in vivo. knowledge of the genotype of the embryos). Using these categories, in wild-type embryos at both E11.5 and E12.5, about 66% of the axon cohorts showed "perfect" Discussion behavior (as in Figure 7A ), about 30% showed "almost perfect/mildly defective" behavior (in which just a few The development of an assay in which spinal commisaxons had abnormal appearances), and less than 4% sural axons are first made to cross the floor plate before were "severely defective" (i.e., large numbers of axons being confronted with tissues or guidance cues has showed defects). The highest penetrance of severe deenabled us to dissect the changes in responsiveness of fects was observed in E11.5 homozygous mutant emthese axons during midline crossing. Paralleling previbryos, in which close to 50% of axon cohorts were ous studies in Drosophila, we show that commissural classified as "severely defective" and only about 10% axons acquire responsiveness to a midline repellent acas "perfect." Interestingly, the frequency of "severe tivity upon crossing the midline and that Slit proteins defects" was also higher in heterozygous E11.5 emmay contribute to this activity. We extend those observations, however, by showing that ventral spinal cord bryos than in wild-type embryos, although it was not as tissue also secretes a repellent activity-perhaps involvdeveloping and regenerating commissural axons, then they all behave the same way. ing Slit-2-to which the axons become responsive upon It is important to contrast our assay with that of Shiramidline crossing, providing an explanation for why the saki et al. ( axons do not acquire responsiveness to a repellent in no effect of Slit proteins was observed on commissural ventral hindbrain immediately upon crossing (although, axons. Our results here show that this failure reflected since they eventually do turn, it is possible that the a limitation of the assays used, as commissural axons acquisition of the responsiveness is simply delayed). were tested for responsiveness prior to midline crossing.
Thus, the specific feature of hindbrain commissural axWe confirm that Slit-2 does not prevent commissural ons (their continued straight growth after crossing) that axon outgrowth nor repel commissural axons prior to made them useful for testing responses to floor plate midline crossing-even as they approach the floor cells appears to make them unsuitable for studying acplate-consistent with those previous studies. Using our quisition of responses to repulsive activities. It is temptnovel assay, however, we find that both floor plate cells ing to speculate that acquisition of responses to repuland Slit-2 do function to inhibit outgrowth of post-crosssive factors may only occur at the site where the axons ing axons from spinal cord plus floor plate explants. subsequently turn to grow parallel to the midline. Put The fact that the axons show this responsiveness after another way, for these hindbrain axons, it remains possicrossing but not before is consistent with the switch ble that what counts as the "extended midline" is the being triggered by axonal encounter with the floor plate.
entire region in which their post-crossing axons conSeveral lines of evidence support the contention that tinue to grow straight and prior to turning. If so, then the axons emerging from the cut edge of the floor plate the apparent difference between these axons and Droin our assay are post-crossing commissural axons. The sophila and vertebrate spinal axons might indeed only results of both anterograde and retrograde labeling exbe superficial, as the hindbrain axons might acquire periments using DiI are consistent with the axons being repulsive responses when they reach the edge of the commissural axons, based on the location of labeled "extended midline." This could be tested by developing cell bodies. The fact that the axon segments emerging an assay similar to ours but using "hindbrain plus exfrom the floor plate express L1 and DCC but not TAG-1, tended midline" explants. similar to antigen expression patterns on post-crossing We had set out to develop this novel assay because commissural axons in vivo, provides further support.
of our interest in commissural axons in the spinal cord. Thus, many, and perhaps all, of the axons that emerge
In contrast to the axons in the hindbrain, spinal commisfrom the cut edge of the explant are likely to be commissural axons both turn immediately and also exit the gray sural axons. We cannot, however, completely exclude matter after crossing, projecting in adjacent fiber tracts. that some other axons, such as motor or association Since the axons hug the floor plate after crossing, it was axons, are among the emerging axons, even if this is not possible to use an assay like that of Shirasaki et al. highly unlikely. It is important to note that this does not (1998) to ask whether floor plate can deflect the axons. affect any of our conclusions, since the inhibitory effects This led us to the novel experimental design, in which of tissues and factors that we observe are essentially we examined the behavior of the axons in a collagen fully penetrant so that if there are noncommissural axons gel immediately after they have crossed the floor plate. among the emerging axons, we would simply conclude Our experimental design also involves asking whether that they must have the same responsiveness profile as the tissues or cells can prevent the outgrowth of postpost-crossing commissural axons. Finally, although the crossing axons into the collagen that, strictly speaking, axons may be mostly or entirely commissural axons, it assesses inhibitory activities rather than repulsive activiis expected that they will be a mixture of developing ties. We could not ask whether tissues or cells placed commissural axons and of regenerating axons that had to one side of the emerging axons caused a deflection already crossed the floor plate but were cut during prepof the axons away from the source because of the wellaration of the explants. Again, the fact that all the axons documented fact that highly fasciculated axons growing in collagen gels (like those examined here) clear whether these defects reflect a primary role for all the midline repulsive activity, in vertebrates the task neuropilin-2 in interpreting axon guidance information of repulsion of post-crossing axons by midline cells apalong the anterior-posterior axis or whether they are pears to be shared by at least three Slit proteins and simply a secondary consequence of axon stalling in the one Semaphorin. floor plate. Our studies also revealed for the first time in any organism that crossing axons also acquire responEntering and Leaving Fiber Tracts: siveness to a repellent activity from the ventral portion A Global Hypothesis of the nervous system. This is the terrain that the axons The exiting of spinal commissural axons into the ventral have traversed immediately before reaching the midline funiculus from the gray matter after midline crossing is and which was therefore permissive for growth prior to representative of the behavior of large numbers of other crossing; after crossing, however, it becomes repulsive axons up and down the neuraxis, which grow to their to the axons. This repulsive activity again appears to targets by coursing through the gray matter to some involve both Slit and Semaphorin proteins, since Slit-2 exit point where they join and grow in fiber tracts, only is expressed in the motor column (Brose et al., 1999; Li later leaving the tracts to reenter the gray matter and et al., 1999) and since Sema3F (another high-affinity to connect with their target cells. neuropilin-2 ligand) is expressed throughout the mantle We suggest that the mechanism we have described layer of the entire spinal cord (including the ventral spinal here may be representative of those operating throughcord but excluding the floor plate). The existence of this out the nervous system to propel axons out of the gray repulsive activity should help prevent the axons from matter into fiber tracts. It may be true quite generally reentering the ventral portions of the nervous system. that as axons leave the gray matter, they acquire responIn fact, the repellent actions of the floor plate and the siveness to both midline and gray matter repellent activiventral spinal cord together should help squeeze the ties. It is intriguing in this regard that Sema3F and commissural axons out of the gray matter of the spinal Sema3B, between them, are expressed throughout cord entirely after they have crossed the midline. If Slit-2 much of the gray matter and midline. In fact, the finding and/or Sema3F proteins are also displayed on motor that Sema3F is expressed throughout the mantle layer, axons, then they might also help organize post-crossing essentially everywhere where axons grow within the spicommissural axons within the regions of the fiber tracts nal cord (and in other brain regions as well), is hard to that motor axons traverse, a possibility suggested for square with a role in guidance within the mantle layer. 
